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HCV infection did increase PTLD risk among the 2.8% of patients (N ‫؍‬ 5959) who were not reported to have received immunosuppression maintenance medications prior to hospital discharge (HR ‫؍‬ 3.09; 95% CI, 1.14-8.42; P interaction ‫؍‬ .007). Our findings suggest that HCV is not a major risk factor for PTLD, which is consistent with the model in
Introduction
Posttransplantation lymphoproliferative disorder (PTLD) is one of the most serious complications of immunosuppression in patients undergoing solid organ transplantation, with mortality rates that often exceed 50%. 1,2 PTLD comprises a heterogeneous group of diseases characterized by the proliferation of lymphocytes. The major categories of PTLD include polymorphic hyperplasia/ polymorphic PTLD, monomorphic PTLD, and other lymphoid malignancies, including multiple myeloma and Hodgkin lymphoma. 3 PTLD is observed most frequently in the first year following transplantation. However, as the prognosis improves for individuals receiving solid organ transplants, the development of PTLD late after transplantation is increasingly recognized. Whereas early PTLD is commonly Epstein-Barr virus (EBV) positive and involves the transplanted organ, late PTLD is more commonly EBV Ϫ and involves various nodal and extranodal sites, suggesting that these may be distinct diseases and that there could be alternative pathways to lymphomagenesis following organ transplantation. 1, 4 Risk of PTLD varies substantially among the types of solid organ transplants, with the highest risk among heart, lung, and small-bowel transplant recipients (cumulative incidence, 5%-20%), and the lowest risk among kidney transplant recipients (1%-3%). 1, 2, 5 This variability in risk has been proposed to reflect differences in the types and amounts of immunosuppressive therapy that these patients receive, the major risk factor for PTLD. Other possible risk factors for PTLD include young age, male sex, white race, EBV seroconversion following transplantation, and cytomegalovirus infection. 1, 2, 5 At present, there is emerging evidence to support that hepatitis C virus (HCV) infection, which causes chronic liver infection, may be of importance in lymphomagenesis. HCV is a well-established risk factor for the lymphoproliferative syndrome type II mixed cryoglobulinemia. 6 HCV infection has also been established recently as a possible risk factor for non-Hodgkin lymphoma (NHL) in the general population, particularly for B-cell lymphomas. [7] [8] [9] [10] [11] [12] [13] These lymphoproliferative conditions are thought to arise due to chronic stimulation of the immune system by HCV. 6, 14 Although there are a number of case reports of PTLD occurring in patients positive for HCV, few studies have investigated the relationship between HCV and PTLD systematically, and the results are conflicting. [15] [16] [17] [18] [19] Because of the inconsistencies in the limited literature on this topic, we conducted a large, population-based cohort study of solid organ transplant recipients using registry data to examine the association between HCV and PTLD. Our study included all individuals in the United States (N ϭ 210 763) who received their first solid organ transplant between 1994, the approximate time when HCV testing of recipients became routine, and 2005.
In the past 15 years, the number of solid organ transplants in the United States has almost doubled, the number and types of available immunosuppressive therapeutic drugs have increased, and transplantation approaches have evolved substantially. [20] [21] [22] The prevalence of HCV in the United States is highest among middleaged adults, in whom solid organ transplantation is most frequent, and HCV-associated cirrhosis is the most common reason for liver transplantation. [23] [24] [25] Thus, there is a pressing need to elucidate the relationship between HCV and subsequent risk of developing PTLD.
Patients and methods

Data source and study population
We conducted a retrospective cohort study of solid organ transplant recipients in the United States using data from the Scientific Registry of Transplant Recipients (SRTR), as submitted by the Organ Procurement and Transplantation Network (OPTN; http://www.optn.org). All transplantation centers and organ procurement organizations in the United States submit data to OPTN, which maintains a database that includes both baseline and follow-up information regarding every organ donation and transplantation that has occurred in the United States since 1986. The SRTR database includes baseline demographic and clinical data provided at the time of registration and transplantation, and follow-up data provided at 6 and 12 months following transplantation and annually thereafter.
The study cohort included all individuals in the United States who received their first solid organ transplant between January 1, 1994, the approximate time when HCV testing of recipients became routine, and April 1, 2005, the most recent time for which data were available. Patients were followed from the date of first transplantation until the earliest of the following events: PTLD diagnosis, graft failure, retransplantation, death from any cause, or loss to follow-up. Baseline and follow-up records were combined for individuals receiving simultaneous transplants of different organs. After excluding individuals with fewer than 30 days of follow-up (N ϭ 29 437), the study cohort included 210 763 solid organ transplant recipients.
This research was exempted from review by the Office of Human Subjects Research of the National Cancer Institute because we analyzed anonymized data.
Exposure assessment
For each solid organ transplant recipient, data were obtained from the SRTR baseline files regarding demographic characteristics (sex, age, race/ethnicity, and highest level of education obtained); type of organ transplanted; number of HLA mismatches at the A, B, and DR loci; indication for transplantation; and results of an enzyme immunoassay test for serum HCV antibodies. Data regarding graft status (functioning or failed), acute rejection episodes, and results from any subsequent HCV antibody screening tests were obtained from the SRTR follow-up files. Finally, data regarding immunosuppression medications used prior to hospital discharge to induce and maintain immunosuppression and to treat early episodes of acute graft rejection were obtained from the SRTR immunosuppression files.
We In analyses where we considered HCV status as a time-dependent covariate, individuals who were antibody-positive at the time of transplantation were considered to be positive throughout the follow-up period. Individuals who were antibody-negative at the time of transplantation were considered to be negative throughout the follow-up period unless they had an antibody-positive result, at which time they were considered positive for the remainder of the follow-up period. The HCV status was considered to be unknown for individuals who did not have HCV antibody screening results recorded at the time of transplantation; the HCV status of these individuals remained unknown throughout the follow-up period until they had an informative (positive or negative) result. It is uncommon for organ donors to be HCV ϩ , and data on donor HCV status were largely incomplete (N ϭ 275 positive, N ϭ 45 560 negative, N ϭ 164 838 unknown); thus, we excluded these data from our analysis.
A total HLA mismatch score was created by summing the number of mismatches at the A, B, and DR loci (each locus was scored from 0-2, for a total HLA mismatch score ranging from 0-6). Reason for transplantation was categorized according to the broad OPTN categories. For liver transplant recipients, these categories included acute hepatic necrosis, noncholestatic cirrhosis, cholestatic liver disease/cirrhosis, biliary atresia, and metabolic diseases. For kidney and/or pancreas transplant recipients, these categories included glomerular diseases, diabetes, polycystic kidneys, hypertensive nephrosclerosis, vascular disease, congenital/rare familial/ metabolic disorders, and tubular and interstitial diseases. For heart and/or lung transplant recipients, these categories included cardiomyopathy, coronary artery disease, congenital heart disease, valvular heart disease, congenital lung disease, emphysema/chronic obstructive pulmonary disease, cystic fibrosis, idiopathic pulmonary fibrosis, primary pulmonary hypertension, and alpha-1-antitrypsin deficiency. For all transplant recipients, additional categories included malignant neoplasms and other or unknown reason for transplantation.
Medication data included information on the use (yes/no) of specific medications prior to hospital discharge for induction and initial maintenance of immunosuppression and to treat early rejection episodes. However, detailed information on dosage was not available. For this analysis we created both broad medication use categories (yes/no use of any induction medication, any maintenance medication, or any antirejection medication) and detailed medication use categories. For induction medications, the detailed categories were defined as yes/no use of polyclonal antibodies or other. For maintenance medications, the detailed categories were defined as yes/no use of steroids, antimetabolites, calcineurin inhibitor, or target-ofrapamycin (TOR) inhibitors. For antirejection medications, the detailed categories were defined as yes/no use of polyclonal antibodies or other.
PTLD ascertainment
We identified patients with PTLD using data from the SRTR follow-up files, derived from the forms filled out at follow-up visits at 6 and 12 months following transplantation and annually thereafter. During each follow-up visit, healthcare providers were required to report any diagnosis of posttransplantation malignancy. If a patient was diagnosed with a de novo lymphoproliferative disease or lymphoma, additional data on diagnosis date, pathology, cell type, and site were collected.
For this analysis, patients with PTLD included all individuals with a diagnosis of de novo lymphoproliferative disease or lymphoma. We categorized the PTLD according to site (liver or nonliver; within or outside the allograft, defined separately for each type of organ transplanted), pathology (polymorphic, monomorphic, or other/unknown), cell type (B-cell, T-cell, or other/unknown), and tumor EBV status (positive, negative, or unknown). PTLD pathology refers to morphologic classification of tumor cell size and shape as heterogeneous ("polymorphic hyperplasia and polymorphic PTLD") or homogeneous ("monomorphic PTLD"). Both disease entities are thought to be monoclonal. The "other/unknown" PTLD pathology category included recipients diagnosed with other lymphoid malignancies such as multiple myeloma and Hodgkin lymphoma, and recipients with no information on PTLD pathology.
Although the method of PTLD ascertainment remained the same throughout the follow-up period, reporting methods for follow-up data changed from a paper-based to a web-based system in 1999. In conjunction with this change, we observed an increase in PTLD incidence in 1999, which we addressed in our statistical analysis.
Statistical analysis
We estimated the relative risk of PTLD with hazard ratios (HRs) and 95% confidence intervals (CIs) derived from Cox regression models, using time since transplantation as the time metric and the Breslow method for handling ties. 26 HCV antibody status was considered in 3 levels (positive, negative, and unknown), and individuals who were HCV antibodynegative at the time of transplantation were used as the referent group. All models were adjusted for basic demographic characteristics of transplant recipients, including age, sex, race/ethnicity, and education (Table 1; categories are listed). Additional adjustment for other candidate confounders (Table 2) did not result in a material change (Ͼ 10%) in the relative risk estimate for HCV; these variables were therefore excluded from the final models. We used a competing risks model to estimate the relative risk of PTLD subtypes as defined by site, pathology, cell type, and EBV status. 27 We used time-dependent covariates to estimate the relative risk of PTLD associated with HCV infection by time since transplantation (Ͻ 1 year, 1-4 years, or 5 or more years following transplantation). 27, 28 We conducted 3 sensitivity analyses. First, we estimated PTLD risk for individuals with confirmed HCV infection (enzyme immunoassay-positive and RIBA and/or HCV RNA-positive) and for individuals with confirmed persistent HCV infection (enzyme immunoassay-positive and HCV RNApositive). Second, to investigate whether the change in the method of PTLD ascertainment in 1999 affected the risk estimate for HCV, we included a time-dependent covariate in the model (1994-1998 vs 1999-2005) . Finally, we incorporated results from additional HCV antibody screening tests conducted during the follow-up period by including HCV status as a time-dependent covariate.
Modification of the effect of HCV antibody status on PTLD risk by selected demographic characteristics (age, sex, race/ethnicity) and clinical factors (type of organ transplanted, HLA mismatch level, use of medications for induction and maintenance of immunosuppression or for antirejection) was evaluated under the multiplicative model by including an interaction term in the Cox regression models. SAS, version 9.1 (SAS Institute, Cary, NC) was used for all analyses.
Results
The 210 763 solid organ transplant recipients in the study cohort accrued 780 628.6 person-years at risk during the follow-up period (mean follow-up, 3.7 years; range, 31 days-11.7 years). The patients within the cohort were predominantly male (61%) and white (66%), with a mean (Ϯ standard deviation) age at the time of transplantation of 45.1 (Ϯ 15.9) years. Most patients received a kidney and/or pancreas transplant (N ϭ 135 020; 64.1%), whereas comparatively fewer patients received a liver (N ϭ 42 825; 20.3%), heart and/or lung (N ϭ 30 666; 14.5%), or other organ transplant (N ϭ 2252; 1.1%).
During the follow-up period, 1630 patients with PTLD were diagnosed among the 210 763 solid organ transplant recipients (incidence, 2.1 patients per 1000 person-years). PTLD incidence by time since transplantation followed a U-shaped pattern, with the highest incidence observed in the first year following transplantation (3.2 patients per 1000 person-years), substantially lower incidence 2 to 5 years following transplantation (1.4-1.6 patients per 1000 person-years), and higher incidence observed again 6 or more years following transplantation (2.0-3.1 patients per 1000 person-years) (Figure 1 ). PTLD risk was positively associated with male sex, age younger than 21 years, white race/ethnicity, and higher education level (Table 1) . PTLD risk was lower among kidney and/or pancreas recipients compared with heart and/or lung, liver, or other solid organ recipients.
A total of 182 121 (86.4%) recipients had serologic testing for HCV status at the time of transplantation, among whom 11.3% were seropositive (20 598 HCV ϩ patients; Table 1 ). Compared with HCV Ϫ patients, HCV ϩ patients were more likely to be male, aged 41 to 50 years, and Hispanic or black, and less likely to be college graduates. HCV prevalence was substantially higher among liver recipients (40.2%) than among kidney and/or pancreas (4.9%), heart and/or lung (1.8%), or other solid organ (26.2%) recipients. HCV prevalence at the time of transplantation increased during the study period from 8.5% in 1994 to 15.2% in 2005 (data not shown).
Compared with HCV Ϫ patients at the time of transplantation, HCV ϩ patients actually appeared to be at reduced risk of PTLD (HR ϭ 0.63; 95% CI, 0.51-0.78; Table 2 ). However, after adjustment for demographic factors, including age, sex, race/ethnicity, and education, the inverse association was attenuated and no longer statistically significant (HR ϭ 0.84; 95% CI, 0.68-1.05). Additional adjustment for type of organ transplanted, indication for transplantation, degree of HLA mismatch, donor type, or use of medications at baseline to induce and maintain immunosuppression or to treat early episodes of acute graft rejection did not materially alter the risk estimate. Among 8094 individuals with confirmed HCV infection (enzyme immunoassay-positive and RIBA and/or HCV RNA-positive), HCV was not related to PTLD risk Analyses by PTLD subtype demonstrated similar HCV relative risk estimates by PTLD site (liver or nonliver; within or outside the allograft), pathology (polymorphic, monomorphic or other/ unknown), cell type (B-cell, T-cell, or other/unknown), and tumor EBV status (Table 3) . Similar relative risk estimates were also observed for PTLD diagnosed in less than 1 year, 1 to 4 years, or 5 or more years following transplantation (Table 3 ). Higher relative risks were observed for individuals receiving heart and/or lung (HR ϭ 1.53; 95% CI, 0.79-2.96) or "other" solid organs (HR ϭ 1.84; 95% CI, 0.52-6.53) compared with individuals receiving kidney and/or pancreas (HR ϭ 0.55; 95% CI, 0.30-1.01) or liver transplants (HR ϭ 0.83; 95% CI, 0.61-1.13), although this heterogeneity was not statistically significant (P interaction ϭ .07) ( Table 3) .
Among the small number of individuals who were not reported to have received any maintenance immunosuppression medications prior to hospital discharge (N ϭ 5959 total, N ϭ 38 patients with PTLD), HCV was positively associated with PTLD risk (HR ϭ 3.09; 95% CI, 1.14-8.42). In contrast, HCV was not associated with PTLD among individuals who were reported to have received maintenance immunosuppression medications prior to hospital discharge (HR ϭ 0.81; 95% CI, 0.65-1.01; P interaction ϭ .007). Compared with individuals who were reported to have received maintenance immunosuppression medications prior to hospital discharge, individuals who were not reported to have received maintenance immunosuppression medications prior to hospital discharge were substantially more likely to have received an organ transplant early in the study period (1994-1996; 55% vs 22%), and were more likely to have received a liver transplant than another organ (27% vs 20%). The groups did not differ dramatically in terms of age, donor type, or HLA mismatch level. Among those who were not reported to have received maintenance immunosuppression medications prior to hospital discharge, 42% (2527 of 5959) of patients were reported to have received induction immunosuppression medications and/or treatment for early episodes of acute graft rejection, whereas 58% were not reported to have received immunosuppression medications for any reason prior to hospital discharge. The association between HCV and PTLD was similar in these 2 subgroups (HR ϭ 2.93; 95% CI, 0.87-9.95; and HR ϭ 2.62; 95% CI, 0.46-14.84, respectively). We did not have a sufficient number of patients to analyze the effect of HCV on PTLD risk by PTLD latency or subtype among individuals who were not reported to have received immunosuppression medications prior to hospital discharge. The null effect of HCV on PTLD risk was similar across other subgroups defined by age (P interaction ϭ .23), sex (P interaction ϭ .95), race/ethnicity (P interaction ϭ .67), HLA mismatch level (P interaction ϭ .95), use of medication to induce immunosuppression (P interaction ϭ .23), or use of medication to treat early acute rejection (P interaction ϭ .08) (data not shown).
Discussion
Our findings from this large, population-based study including more than 200 000 organ transplant recipients in the United States suggest that HCV is not a major risk factor for PTLD. In an unadjusted analysis, HCV actually appeared somewhat protective against PTLD (HR ϭ 0.63; 95% CI, 0.51-0.78), but after adjustment for demographic factors, this association was attenuated and no longer significant (HR ϭ 0.84; 95% CI, 0.68-1.05). With additional adjustments for various clinical factors, the HCV relative risk estimate generally remained below 1.00, suggesting that additional unmeasured factors might be acting as confounders. We found no strong evidence to support that the relationship between HCV and PTLD risk varied in magnitude across type of organ transplanted, demographic subgroups, or characteristics of PTLD. Interestingly, we did see evidence that HCV may increase risk of PTLD among the small number of individuals who were not reported to have received immunosuppression maintenance medications prior to hospital discharge.
The relationship between HCV and PTLD has been investigated systematically in 5 previous reports. In the largest of these reports, Bustami et al 17 used the SRTR database to examine risk factors for PTLD among 41 000 cadaveric first kidney transplant recipients and found no association between HCV and PTLD (multivariate adjusted HR ϭ 0.70; 95% CI, 0.30-1.61). The remaining 4 studies were conducted in individual transplantation centers, and were thus substantially smaller (each with fewer than 700 transplant recipients and fewer than 15 patients with PTLD). One study of heart transplant recipients 18 and 2 studies of liver transplant recipients 15, 19 reported increased risk of PTLD associated with HCV infection, whereas another study of liver transplant recipients reported no association between HCV and PTLD. 16 Our study represents the first comprehensive examination of the association between HCV and PTLD among all solid organ transplant recipients, with detailed analysis by organ type and PTLD characteristics, and consideration of potential confounding and effect modification by demographic and clinical factors.
HCV infection is a well-established risk factor for the lymphoproliferative syndrome type II mixed cryoglobulinemia, in which approximately 90% of patients are HCV ϩ . 6 Although less well-established, the link between HCV and NHL in the general population has been demonstrated consistently in different populations of varying HCV prevalence, with estimated relative risks of 1.3 to 5.0. [7] [8] [9] [10] [11] [12] [13] It is unclear whether the For personal use only. on June 10, 2017. by guest www.bloodjournal.org From association between HCV and NHL is specific to particular NHL subtypes, but associations have been noted with marginal zone lymphoma, lymphoplasmacytic lymphoma, and other low-grade NHLs. Successful antiviral therapy to treat HCV has been shown to lead to regression of marginal zone lymphoma 29, 30 and to eliminate t(14;18) translocation-positive B cells (the defining event of follicular lymphoma). 31 Although our finding that HCV is not an important risk factor for PTLD may seem surprising, it is consistent with the lack of association between HCV and lymphoma observed in persons with HIV/AIDS, [32] [33] [34] [35] [36] [37] another immunosuppressed population. In the setting of solid organ transplantation, immunosuppression medications prevent graft rejection by suppressing T-cell function, 38 which can also result in uncontrolled proliferation of B-lymphocytes and development of PTLD. Similarly, T-cell function is suppressed in persons with HIV/AIDS as the virus impairs and destroys CD4 ϩ T cells, again allowing for uncontrolled proliferation of Blymphocytes. 39 Among both transplant recipients and people with HIV, EBV infection of lymphocytes also plays an important role in driving lymphoproliferation.
It is possible that HCV infection does not increase risk of lymphoproliferative disorders in immunosuppressed populations because HCV may have an indirect oncogenic effect on lymphocytes, and thus requires an intact immune system. Specifically, HCV infection may increase risk of lymphoma through chronic antigenic stimulation and the development of clonal B-lymphocyte populations. 6, 14, 40 The impairment of T-cell function via immunosuppression may prevent the immune system from mounting a sustained response to persistent HCV infection. Thus, although immunosuppressed individuals are at increased risk for lymphoproliferative disorders, these disorders are not related to clonal expansion of HCV-specific B-lymphocytes. This model of antigendriven lymphomagenesis directly contrasts with EBV-driven lymphomagenesis. EBV has been shown consistently to infect and transform B-lymphocytes. 41 In the setting of an incompetent immune system, the lack of T-cell control of infected B cells permits EBV-driven transformation. 2 Of interest, the only group in which we found an association between HCV and PTLD was the small number of individuals (2.8% of all transplant recipients) who were not reported to have received immunosuppression maintenance medications prior to hospital discharge. This observation is consistent with the model described in the previous paragraph, in which an intact immune system is necessary for development of HCV-related lymphoproliferation. We recognize that it is implausible that a solid organ transplant recipient would never receive any immunosuppression medications to prevent graft rejection. However, transplantation practices have varied over time, and it is possible that some patients might not have received immunosuppression medication before hospital discharge due to specific protocols or medical complications that delayed initiation of therapy. Unfortunately, our analyses of available data did not allow us to make conclusions regarding the reasons why some transplant recipients were not reported to have received baseline immunosuppression. Medication use could be incompletely reported by transplantation centers. However, in more than 98% of patients for whom no specific medications were reported, the transplantation center explicitly noted that no immunosuppression medications were administered (Greg Levine, SRTR/Arbor Research, personal written communication, June 6, 2007) . These results should be interpreted cautiously due to the relatively small number of patients in this subgroup and the lack of information on why they did not receive immunosuppression medications.
Several strengths of this analysis should be considered in the interpretation of our findings. The SRTR database contains detailed baseline and follow-up data for all solid organ transplant recipients in the United States as reported by transplantation centers and organ procurement organizations. The large cohort, which is substantially larger than any previous study, enabled us to thoroughly evaluate the risk of PTLD associated with HCV infection by type of organ transplanted and PTLD subtype. The incidence of PTLD by organ type and time since transplantation in our study were similar to that reported in the literature, 1,2,5 reflecting the population-based nature of the cohort.
The main limitation of this study was the lack of detailed dosage information for the medications used at baseline to induce and maintain immunosuppression and to treat early episodes of acute graft rejection. Immunosuppression is the major risk factor for PTLD, and it is possible that the intensity of immunosuppression differed by HCV status, resulting in unmeasured confounding. The inclusion of various demographic factors in the model resulted in a substantial change in the relative risk estimate for HCV. It is possible that residual confounding by other unmeasured factors remains, although it is unlikely that any residual confounding would be strong enough to have obscured a major effect of HCV on PTLD. Our study was also limited by potential underascertainment of PTLD, although it is likely that any underascertainment was unrelated to HCV status, and the incomplete ascertainment of HCV status for all recipients. Our main measure of HCV status was a baseline enzyme immunoassay screening test, which cannot distinguish between persistent and resolved HCV infection. However, among the small number of people with an informative HCV RNA confirmatory test, 86.1% of individuals had detectable HCV RNA, indicating persistent HCV infection. This estimate is slightly higher than the rate of persistence (60%-85%) observed in the general population, 42 likely due to a high proportion of liver recipients with HCV-related cirrhosis and other medical comorbidities. Notably, our results were similar regardless of whether we considered all enzyme immunoassaypositive subjects or only those with detectable HCV RNA as being infected with HCV. In addition, we had no data on treatments for HCV given during or shortly after the time of transplantation. HCV treatment is used among liver transplant recipients to try to prevent reinfection of the transplanted organ, but HCV treatment is not used widely among other solid organ transplant recipients because it does not generally provide a sustained virologic response and increases risk of graft rejection. 43 Therefore, it is unlikely that HCV treatment would have strongly affected our results. During follow-up, HCV status changed for 2.6% of patients. We observed a low incidence of PTLD in the small subgroup of individuals who may have had acute HCV infection, although the implications of this finding are unclear.
In conclusion, our results suggest that HCV is not an important risk factor for PTLD, which is consistent with the lack of association between HCV and lymphoma observed in persons with HIV/AIDS, another immunosuppressed population. Our findings support a model in which HCV infection indirectly promotes lymphomagenesis via chronic antigenic stimulation, which does not appear to occur in persons with impaired T-cell function.
